Microscopic analysis of stone tools has traditionally relied upon the analysis of wear patterns to provide clues for tool function. However, actual residues of the material on which a tool was used may also survive to provide identification of the use-material. A series of replication experiments were conducted to observe the patterns and types of residues produced in processing wood with stone tools. Fragments of wood preserving diagnostic features of microscopic anatomy were observed and allowed identification of the residue to species in some cases. Distribution patterns of residues, together with use-wear patterns, allow the identification of the use-action. The methods described here will aid in recognition of woodworking tools in the archaeological record, thereby expanding the types of ecological and cultural data available which have been traditionally overlooked.
Introduction

F
unctional analysis of archaeological stone tools frequently involves the examination of use-wear patterns including microflake scars, microfractures, striations and micropolishes. The types and patterns of use-wear are correlated with different useactions and different use-materials (e.g. Keeley, 1980; Moss, 1983; Vaughan, 1985; Shea, 1992) . However, more direct evidence of prehistoric tool use is sometimes preserved in the form of residues of the material on which a tool was used. Microscopic examination of tools prior to washing can potentially allow the recognition and identification of these materials (e.g. Briuer, 1976; Anderson, 1980; Anderson-Gerfaud, 1990; Loy & Hardy, 1992; Loy, 1993) .
Microwear analysis of stone tools typically involves cleaning of artefacts with a variety of solvents (i.e. water, potassium hydroxide, hydrochloric acid, etc.) in order to see more clearly the wear patterns on a tool. Normally, one of the goals of this cleaning process is actually to remove the organic residues on the tool surface. Despite the fact that these residues have often been observed and recognized (e.g. Semenov, 1964; White, 1969; Brose, 1975; Briuer, 1976; Keeley, 1980; Anderson, 1980; Anderson-Gerfaud, 1981) , systematic investigation into the identification of use-residues is still rarely attempted.
The earliest attempt at systematic microscopic examination of use-residues was undertaken by Briuer (1976) . Animal residues identified through microscopic analysis include: blood (Briuer, 1976; Loy, 1983 Loy, , 1985 Loy, , 1986 Loy, , 1987 Loy, , 1993 Loy & Nelson, 1987; Loy & Wood, 1989; Loy & Hardy, 1992) , hair (Loy, 1985 (Loy, , 1986 (Loy, , 1987 (Loy, , 1993 Loy & Nelson, 1987; Loy & Hardy, 1992) , feathers (Loy, 1985 (Loy, , 1993 Loy & Nelson, 1987) , and collagen and muscle tissue (Loy, 1993; Loy & Nelson, 1987; Loy & Hardy, 1992) . Plant residues identified microscopically include: stellate hairs, pollen grains, calcium oxalate crystals, raphides, cell walls, cell lumen, tracheids, fibre tips, spiral vessels, and hair vessels (Briuer, 1976) ; plant fibres, including epidermal fragments, starch grains, raphides, and phytoliths (Shafer & Holloway, 1979) ; parenchymous tissue and vessels of poplar and hazelnut origin and tracheids of pine and spruce (Anderson, 1980; Anderson-Gerfaud, 1981 ; starch grains and raphides (Loy, Spriggs & Wickler, 1992) , starch grains and plant fibres (Fullager, Meehan & Jones, 1992) ; fragments of reeds (Hurcombe, 1988 (Hurcombe, , 1992 ; and tracheids (Hardy, 1994) .
The identification of plant residues on stone tools is a potentially valuable source of information since macroscopic plant remains rarely survive in archaeological contexts, particularly in earlier time periods. There are several notable exceptions that demonstrate that plant remains can survive in a wide variety of contexts. For example, preserved wooden spears are known from the Lower Paleolithic site of Schö ningen, Germany (c. 400 kya, Thieme, 1997) , the Middle Paleolithic site of Lehringen in Germany (c. 110-130 kya, Movius, 1950) and the Middle Pleistocene site of Clacton-on-Sea, England (c. 350 kya, Oakley et al., 1977) . A variety of wooden artefacts were preserved in a water-logged context at the Middle Pleistocene Acheulean site of Kalambo Falls, Zambia (Clark, 1974) . A wooden plank with man-made polish and other possible wooden artefacts have been found at the Acheulean site of Gesher Benot Ya'aqov in Jordan dating from the Middle Pleistocene (0·24-0·75 mya, Belitzky, Goren-Inbar & Werker, 1991; Goren-Inbar et al., 1994) . Wooden artefacts and pseudomorphs have recently been reported from Middle Paleolithic levels at Abric Romani, Spain (Carbonell & Castro-Curel, 1992; Castro-Curel & Carbonell, 1995) . In addition to these more dramatic finds, Mason, Hather & Hillman (1994) have recently reported the recovery of plant macroremains from the sediments at the Upper Paleolithic site of Dolní Vestonice in the Czech Republic. These recent findings suggest that plant remains may be more common at Paleolithic sites than was previously thought and that they are not often recovered (Mason, Hather & Hillman, 1994) .
Possible Mechanisms of Wood Residue Preservation
Despite this generally held notion that plant remains do not survive archaeologically except under conditions of exceptional preservation, a growing literature indicates that plant remains can survive in a wide variety of contexts. For example, microscopic woody plant remains have been reported to survive on the surfaces of tools from the Middle Paleolithic (Anderson-Gerfaud, 1990; Hardy, 1994) . Why do these microscopic woody plant remains survive when most or all macroscopic traces are gone?
Wood decays through a variety of biological and chemical processes. Fungi, bacteria, and insects can all cause mechanical breakdown of wood through attack and use of cell wall components (Blanchette et al., 1990) . Microorganisms and insects break down the structural polymers of wood into simpler molecules and finally to CO 2 and water. Chemical degradation can occur in a variety of ways, including enzymatic hydrolysis caused by anaerobic microorganisms, adsorption of ultraviolet light by photochemically sensitive chemicals, and interactions with ground water. These and other methods of degradation are influenced by the particular burial environment. Temperature, pressure and water content play important roles, as do many other factors. However, despite the wide range of possible mechanisms of breakdown, wood can survive in archaeological contexts ranging from wet to dry (Florian, 1990) . When wood does survive, it is because it is somehow protected from these processes of degradation due to some combination of factors of the unique burial environment (Florian, 1990) . The preservation of microscopic fragments of wood on stone tools may not only be a product of the general burial environment, but also of the particular microenvironment immediately surrounding the tool. Anderson-Gerfaud (1990) has also pointed out that wood microfibres contain silica in their cell walls, which is more resistant to decay than organic material. These fibres and other microscopic plant fragments may be trapped in depressions on the tool's microsurface which further protect them from the action of decay. Finally, she suggests that residues can adhere to the tool edge due to ''dissolution of small areas of the flint micro-surface from friction in the presence of water and abrasives'' (Anderson-Gerfaud, 1990: 395; see also Kamminga, 1979; Anderson-Gerfaud, 1981) . These and other factors may help protect residues and allow them to survive on tool surfaces when they do not survive macroscopically.
Despite the paucity of identifiable plant remains from the Early and Middle Pleistocene, microscopic examination of tools from these time periods suggests that the processing of woody plants may have been more common than the surviving examples indicate. The earliest artefacts showing evidence of processing of wood come from the Middle Paleolithic. Artefacts showing use-wear patterns indicative of plant processing have been reported from the Middle Paleolithic sites of Pech de l'Azé IV, Combe Grenal, and Corbiac (Anderson-Gerfaud, 1990) , and Corbehem, Grotte Vaufrey, Combe-Grenal, Pié-Lombard, Marillac, and Arcy-sur-Cure (Beyries, 1987 (Beyries, , 1988 . AndersonGerfaud (1990) has further observed plant residues on tools from the Middle Paleolithic sites of CombeGrenal (siliceous plant epidermis) and Corbiac (plant, probably wood fibre). Microscopic wood fragments have also been found on stone artefacts from the Middle Paleolithic site of La Quina in southwestern France and have been identified to class level (Gymnospermae, see Figure 1 (a, b)) (Hardy, 1994) . These results suggest that microscopic wood fragments may survive on stone tools when no macroscopic plant remains are found. This paper, therefore, is concerned in particular with the identification of wood remains on stone tools and the identification of use-actions based on residue and wear patterns observed on tools.
Establishing that Residue is Related to Use-Patterning and Experimentation
One of the difficulties of interpreting evidence from residue analysis is establishing that the residue seen microscopically is related to the use of the tool. Connections between residues and use can be established in three ways. The first involves the examination of the soil at the site. If residues found on a tool are also scattered through the soil, then they are more likely to be a contaminant not related to tool use. Conversely, if residues are not present in the soil, then it is likely they are related to tool use.
However, even if the residue is not present in the soil, it is possible that its presence on the tool occurred prior to burial but is nevertheless coincidental. The second way to establish that residues are use-related, and perhaps the most reliable, is to examine patterning on the tool surface. If the residue is concentrated in particular areas on the tool, i.e. in areas which have been modified by use, it is more likely to be use-related. If the residue is scattered over the surface of the tool with no discernible pattern, it is less likely to be related to use. Finally, in order to corroborate the evidence provided by patterning of the residue, use-wear patterns should also be examined. If the use-wear patterns are consistent with the distribution of residue on the tool surface, then the case for a residue being use-related is further strengthened.
Methods
Identification of microscopic wood fragments
A series of replication experiments were performed on a variety of woods to determine if consistent patterns were observable and to test the possibility of specific identification of wood residues. Identification of wood residues was based on standard anatomical features (Hoadley, 1990) . Wood is defined as secondary vascular thickening in plants and can be found in trees, vines and shrubs (Fahn, 1982) . Features of microscopic anatomy can allow classification of wood fragments as angiosperm (hardwood) or gymnosperm (softwood). In some cases, microscopic features allow identification of wood fragments to species. Identifiable features of wood anatomy, including characteristic cell types, pits, resin canals, etc., are best seen along three axes of the wood (Figure 2 ). Wood features are more easily identified on cross-sectional (X), radial (R), and tangential (T) axes than on oblique cuts cross these axes. Planes which are oblique to these axes cut diagonally across cells making diagnostic features more difficult to see.
Wood residues were examined using reflected light microscopy on an Olympus BH2 microscope with magnifications ranging from 50-500 . Anatomical features were identified by comparison with published materials and comparative wood samples. Descriptions of the anatomical features diagnostic of different wood types can be found in Friedman (1978) , Core, Côté & Day (1979) , Barefoot & Hankins (1982) and Hoadley (1990) .
Experiments
A series of 100 replication experiments involving wood processing was undertaken by the authors. Stone tools were manufactured from flint and used to work wood with six different use-actions: whittling, slicing, incising, scraping, planing, and boring (Keeley, 1980; Mansur-Franchomme, 1986 ). The tools used were unmodified flakes for the use-actions whittling, slicing, and incising. For the use-actions scraping and planing, the tools were unifacially retouched flakes with steep working edges. Tools used for boring were bifacially retouched into an elongated point.
The use-materials included six species of wood, three hardwoods and three softwoods. The hardwoods included sugar maple (Acer saccharum), persimmon (Diospyros virginiana) and oak (Quercus coccinea). These woods represent the three major anatomical divisions of hardwood, ring-porous, semi-ring-porous, and diffuse porous. The softwoods included red spruce (Picea rubens), eastern white pine (Pinus strobus), and eastern red-cedar (Juniperus virginiana). These represent the three major anatomical divisions of softwoods, large resin canals, small resin canals, or no resin canals. Each experiment consisted of performing the use action on a new piece of wood for 5 min with no resharpening. All wood was gathered from live trees and worked in a fresh condition. Once an experiment was completed, the tool was placed in a plastic bag until microscopic analysis.
Microscopic analysis
Microscopic analysis was conducted as described above using both bright and dark field illumination. Experimental tools were examined and patterns of wear and residue distribution recorded. Artefacts were not cleaned prior to analysis in order to avoid loss of residues. Identification of wood residues to class or species level was based on observation of diagnostic anatomical features.
Blind tests
In addition to the 100 original experiments, G.T.G. conducted a further 50 experiments on the same species of wood for use as a blind test for B.L.H. to test for accuracy in identification. The 50 experiments were arbitrarily distributed among the six use-actions in proportions unknown to B.L.H. The experiments were conducted without B.L.H. present and were passed to a neutral third party, who recoded and renumbered them, before being given to B.L.H. for analysis. B.L.H. examined the tools using the methods previously described and then gave G.T.G. a list of his identifications for scoring. B.L.H. recorded presence/ absence of wood residue and use-action for all tools. When possible, he also identified class of wood (hardwood/softwood) and species.
Results
Use-actions
Microscopic examination of the experimental tools yielded clear patterning of use-wear and residues associated with different use-actions. The distribution of the wood residues observed along with planes of cut visible in microscopic wood fragments were diagnostic of use-actions performed. Planes of cut were observable in the residues through recognition of cell types and cellular structures. Observations of the angle and trajectory of a tool in relation to the wood allowed predictions of the planes which would be cut by a given use-action. Although a stone tool is rarely held at a constant angle, certain planes are more likely to be cut with each use-action.
Slicing
The only plane cut with a slicing motion is cross-sectional. However, the edge of a stone tool is not uniform and often undulates at a microscopic level. Therefore, radial sections are sometimes torn loose and adhere to the tool. Striations are parallel to the working edge.
Incising Incising cuts primarily along a radial plane. Striations are parallel to the working edge.
Whittling At the beginning of cutting, the fragments produced are tangential. As more wood is removed, radial and even cross-sectional planes may appear. Striations are perpendicular to the working edge.
Scraping The residues produced with scraping are similar to those of whittling. Tangential planes dominate. Striations are perpendicular to the working edge.
Planing See scraping.
Boring The planes cut when boring are mostly oblique. Occasionally radial sections are visible. Striations are perpendicular to the long axis of tool and confined to the tip.
Specific identification of residues
In some cases, it was possible to recognize diagnostic elements of wood anatomy on tools which allowed the identification of the origin of the residue. Most fragments of wood residue seen on tool surfaces have no visible diagnostic anatomical features. On those tools which were identifiable to class or species level, the number of fragments with diagnostic anatomy was usually a very small amount of the overall residue (<10%). Figures 3-7 show examples of wood anatomy and use-wear visible on experimental tools. The ray cells in Figure 3 are diagnostic of wood, but do not permit more specific identification. Rays are found in both hardwoods and softwoods. This particular view of the ray does not allow any further distinctions. Figure 4 shows intervessel pitting which indicates that this residue derives from hardwoods. Hardwoods possess pitting between vessel elements which is visible in radial view. The type of pitting (alternate, opposite or scalariform) can be further diagnostic of species. Because the range of species in the experiments was known, it is possible to identify this species as maple. Even if the range of species had not been known, it would still have been possible to narrow down the residue's origin to a handful of hardwood species with alternate intervessel pitting. Figure 5 shows bordered pits in radial view on a tool used to incise spruce. Bordered pits are only found in the tracheids of softwoods and are among the most common and easily identifiable residues. The number of pits across an individual tracheid can be useful in distinguishing between species. For example, spruce rarely has more than one pit across a tracheid while redwood may have as many as four (Hoadley, 1990) . However, with the range of species used here, it is only possible to identify this residue to softwood. Figure 6 shows amorphous wood fragments in association with a hard/high silica polish. Amorphous fragments with no diagnostic anatomy are usually produced when a tool cuts obliquely through the wood. These residues are sometimes identifiable as wood which is used in an archaeological context, but they do not allow any more specific distinctions. Figure 7 illustrates well-developed striations on a tool used to incise pine. The presence of striations on tools can provide support for an identification of wood residues. More than one kind of evidence (residue, polish, striations, and edge damage) strengthens an interpretation of a tool as wood-processing. Although there is a temptation to attempt class or species identification, archaeologists should remember that the identification of wood alone is important for behavioural reconstruction. He correctly identified the class on 13 out of 15 tools (86·7%). On two specimens, the residue contained cellular structures which were potentially diagnostic of species. One of these was correct and was identified as cedar on the basis of bordered pits (softwood) and pinoid cross-field pitting (characteristic of cedar). The other attempt was incorrect at both the class and species level because unknown structures were mistakenly identified as cuppressoid pits.
Blind tests Wood identification
Use-actions B.L.H. correctly identified 49 out of 50 tools to use-action (98%). Identifications were based on tool morphology, direction and extent of striations, and patterning of residues on the tools.
Discussion
The experiments in this study form a comparative base for the interpretation of residue and use-wear patterns on tools used to process wood. Examination of the experimental tools has allowed the prediction of certain patterns which are associated with different use-actions. These patterns were observed consistently on the experimental tools and were successfully used to identify use-action in the blind tests. The results indicate that these patterns may be used as a model for the prediction of prehistoric use-actions of woodworking tools. Experiments in this study were limited to one use-action per tool and may therefore be more accurate in modelling expedient tool use. If a tool were used to perform multiple use-actions, the predicted patterns might be masked or confused.
In addition to the prediction of use-actions, these experiments have demonstrated that microscopic residue analysis can allow the identification of fragments of wood adhering to tool surfaces. Because many archaeological sites do not preserve macroscopic plant remains, microscopic wood fragments may be the only reflection of wood processing activities at a site. It has also been possible to identify residues to class or species level in some cases. This level of specificity is not available with other techniques. Furthermore, blind tests demonstrate that these identifications can be made from unknown material. The specific identification of wood residues, to class and possibly species, can further aid in the reconstruction of prehistoric plant exploitation.
Conclusions
In this study, we have outlined a technique which allows the detection and identification of wood residues on stone tools. Through experimentation and blind testing, we have shown that it is possible to identify wood residues, sometimes to class or species level, and use-actions of woodworking tools with a high degree of accuracy. It is becoming increasingly apparent that some of the more perishable items at archaeological sites may sometimes survive in a detectable form. While plant remains may not be visible macroscopically at an archaeological site, it is possible that microscopic traces may be preserved. Microscopic analysis of stone tools is one method which can be used to detect these remains. In order to perform the analysis properly, stone artefacts must be examined prior to washing. For this reason, microscopic residue analysis should be included in the original research design of a project. Microscopic residue analysis can potentially identify classes of remains which are otherwise undetected. It is even possible in some cases to 
